Damage to sewage systems caused by the Great East Japan Earthquake, and governmental policy  by Matsuhashi, Manabu et al.
H O S T E D  B Y The Japanese Geotechnical Society
Soils and Foundations
Soils and Foundations 2014;54(4):902–909http://d
0038-0
nCor
E-m
Peerx.doi.org/1
806/& 201
respondin
ail addre
review un.sciencedirect.com
: www.elsevier.com/locate/sandfwww
journal homepageDamage to sewage systems caused by the Great East Japan Earthquake, and
governmental policy
Manabu Matsuhashin, Ikuo Tsushima, Wataru Fukatani, Toshihiro Yokota
National Institute for Land and Infrastructure Management, Ministry of Land, Infrastructure, Transport and Tourism, Asahi 1, Tsukuba, Ibaraki 305-0804, Japan
Received 10 February 2012; received in revised form 1 November 2013; accepted 3 February 2014
Available online 14 July 2014Abstract
The Great East Japan Earthquake and its accompanying liquefaction and tsunami severely damaged many sewage systems including sewage
pipes, manholes, pumping stations and sewage treatment plants over a wide area from Tohoku to the Kanto region. We conducted a questionnaire
survey, interview survey and on-site conﬁrmation in order to summarize and categorize the damage factors that shut down facilities such as
drainage systems and treatment systems. We also studied the effectiveness of countermeasures to prevent liquefaction of the sewage system.
The results showed that 90% of sewage pipes and 70% of manholes were damaged by liquefaction and that 54% of wastewater treatment plants
and 75% of pumping stations were damaged by tsunami. Nevertheless, no severe damage was found along sewage pipe sections where
liquefaction countermeasures had been executed, suggesting that the countermeasures are effective.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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On March 11, 2011, the largest earthquake ever recorded in
Japan, the Great East Japan Earthquake, occurred off the Sanriku
Coast with a magnitude of 9.0 on the Richter scale. This
earthquake and its accompanying liquefaction and tsunami severely
damaged many sewage systems including sewage pipes, pumping
stations, and wastewater treatment plants over a wide area from
Tohoku to the Kanto region. Sewage drainage and treatment
facilities were paralyzed temporarily in many areas (Yasuda et al.,
2012; Matsuhashi et al., 2012a). Immediately after the earthquake,
information was inconsistent and fragmented, and many local
governments were unable to determine the extent of the damage.0.1016/j.sandf.2014.06.019
4 The Japanese Geotechnical Society. Production and hosting by
g author. Tel.: +81 29 864 4758.
ss: matsuhashi-m92@nilim.go.jp (M. Matsuhashi).
der responsibility of The Japanese Geotechnical Society.On March 15, four days after the earthquake, the Ministry of Land,
Infrastructure, Transport, and Tourism (MLIT) set up the Sewage
Response Headquarters in Miyagi and Tokyo, with the main roles
of managing disaster support and handling information related to
assistance. As a result, more than 6000 staff from various local
governments assisted those local governments affected by the
damage (Matsuhashi et al., 2012b).
There have been many large earthquakes in Japan such as
the Niigata Earthquake (1964), Kushiro Offshore Earthquake
(1993), Hanshin Earthquake (1995), Niigata Chuetsu Earth-
quake (2004), Noto Peninsula Earthquake (2007), Niigata
Chuetsu-Oki Earthquake (2007), and Iwate-Miyagi Earthquake
(2008). Each time, sewage systems, and especially sewage
pipes, have been damaged, and the MLIT has surveyed the
damage and proposed policies in response to the earthquakes
(Japan Sewage Works Association, 2006a). The MLIT has
also repeatedly examined the effectiveness of earthquakeElsevier B.V. All rights reserved.
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2005, 2008), and has clariﬁed some mechanisms such as the
lifting of manholes by liquefaction (Koseki et al., 1997, 1998)
and damage to sewage systems by lateral ﬂow (Hamada and
Wakamatsu, 1997). After the most recent earthquake, once
again the MLIT set up a committee to study earthquake and
tsunami countermeasures in sewage systems. This committee,
which included academic experts and staff from local govern-
ments, the MLIT, and afﬁliated organizations, assessed the
extent of the damage, produced a plan for rapid restoration,
and proposed a new policy for all sewage systems to counter-
act large earthquakes and tsunami.
This report focuses on the damage to sewage systems
including sewage pipes, manholes, wastewater treatment
plants, and pumping stations due to liquefaction and tsunami
caused by the Great East Japan Earthquake. As members of the
committee, we conducted a questionnaire survey, interview
survey and on-site conﬁrmation in order to categorize the
damage factors that shut down facilities such as drainage
systems and treatment systems, to summarize the damage
situation, and to assess the effectiveness of countermeasures
against liquefaction. The ﬁndings will be useful for not only
those local governments where damage occurred, but also all
local governments when drawing up plans for early restoration
and making sewage systems more resistant to earthquakes
including accompanying tsunami and liquefaction.2. Damage factors and damage situations
A questionnaire survey was conducted to determine the extent of
the damage to sewage systems at 135 local groups from August to
October 2012. The questionnaire covered basic information, extent
of damage, and damage factors in sewage systems including
sewage pipes, manholes, wastewater treatment plants, and pumpingTable 1
Damage to sewage pipes, wastewater treatment plants and pump stations by the G
Earthquake Prefecture Number of
devastated cities
Proportion o
sewage pipe
(damaged le
Great East Japan (2011) Aomori 1 0.1
Iwate 13 0.4
Miyagi 40 3.3
Yamagata 0 0
Fukushima 23 2.5
Ibaraki 36 1.6
Tochigi 3 0.4
Saitama 1 0.0
Chiba 13 0.6
Kanagawa 1 0.0
Tokyo 1 0.1
Niigata 2 0.2
Nagano 0 0
Total 134 1.0
Hanshin (1995) 11 1.0
Noto Peninsula (2007) 6 2.3
Niigata Chuetsu-oki (2007) 5 1.6stations. The response rate to the questionnaire was 71% (96/135)
for sewage pipe systems, 72% (86/120) for wastewater treatment
plants, and 67% (86/120) for pumping stations. Non-responders
included those in areas where this survey was impossible due to the
tremendous damage caused by the tsunami.
2.1. Sewage pipes
Based on the questionnaire results, the damage to sewage
pipes caused by the earthquake is listed in Table 1. Of
65,001 km of sewage pipes in 139 cities, 642 km were
damaged. This is a much larger ﬁgure than in past large
earthquakes such as the Hanshin Earthquake (1995), Noto
Peninsula Earthquake (2007), and Niigata Chuetsu-Oki Earth-
quake (2007). The Great East Japan Earthquake caused wide-
spread damage not only in the Tohoku region including
Miyagi, Fukushima, and Ibaraki prefectures which are located
near the epicenter, but also the Kanto region including Chiba,
Kanagawa, and Tokyo, which is approximately 400 km from
the epicenter (Yasuda et al., 2012). However, the damaged
proportion, which is obtained by dividing the damaged pipe
length by the total sewage pipe length, was lower than in past
large earthquakes. This is primarily because large cities such as
Tokyo and those in Kanagawa have already reinforced the
main sewage pipes to make them earthquake resistant.
2.2. Damage to sewage pipe system by liquefaction
Our survey revealed that the type of damage to sewage pipe
systems including manholes varied from region to region.
In the Tohoku region near the epicenter, pipe sag, manhole
uplift, and road surface subsidence occurred by partial
liquefaction. These phenomena have often been observed in
previous large earthquakes (Fukushima et al., 2006). In thereat East Japan Earthquake and past large earthquakes.
f damaged
s (%)
ngth (km)/total length (km))
Damage to wastewater
treatment plant
Damage to
pump station
(0.1/113) 3 2
(13/3712) 10 10
(317/9739) 38 64
(0/0) 2 0
(129/5186) 16 10
(148/9509) 25 17
(1/287) 5 0
(0.006/214) 2 8
(54/8510) 3 0
(0.6/11,625) 10 1
(12/15,793) 4 0
(1/426) 1 0
(0/0) 1 0
(676/65,114) 120 112
(162/13,919) 8 6
(15/652) 8 2
(50/3072) 6 3
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reaches of the Tone River Basin far from the epicenter, road
surface subsidence, pipe sag and sand plugging occurred by
massive liquefaction. Fig. 1 shows a schematic diagram of
damage to a sewage pipe system caused by liquefaction. The
damage is categorized into two types according to the pattern
of liquefaction: partial liquefaction in backﬁlling soil and
massive liquefaction in the surrounding area. Partial liquefac-
tion occurred in backﬁlling soil, that is, in the boreholes that
had been excavated for placing the sewage pipes and man-
holes. This led to pipe sag, manhole uplift, and road surface
subsidence, resulting in the shutdown of drainage function and
trafﬁc disruption. Massive liquefaction in surrounding areasFig. 1. Schematic diagrams of the damage to sewage pipe systems by liquefaction.
caused manhole uplift, road surface subsidence, and sewage pipe sag. (B) When liqu
displacement or breakage, sewage pipe sag, lateral protrusion, and sand ﬂogging.
Fig. 2. The proportion of damage factors in sewage pipes and manholes in 96 lo
damaged manholes includes overlaps in the cases where two different damage fachas occurred on reclaimed land in large-scale earthquakes
(Tokimatsu et al., 2012). This leads to sewage pipe uplift and
sag, lateral protrusions, displacement and breakage of man-
holes, and sand ﬂogging, also resulting in the shutdown of
drainage function and trafﬁc disruption caused by the accu-
mulation of boiling sand. Fig. 2 shows the proportions of the
types of damage to sewage pipes and manholes.
Of the total damaged sewage pipe length, approximately
90% was damaged by liquefaction: partial liquefaction in
backﬁlling soil accounted for 65%, and massive liquefaction
in the surrounding area for 25%. Of the total number of
damaged manholes, 70% were damaged by liquefaction:
partial liquefaction in backﬁlling soil accounted for 40%, and(A) When liquefaction occurred only in backﬁlling soil around sewage pipes, it
efaction occurred in the surrounding area, it caused sewage pipe uplift, manhole
cal government. Total damaged sewage pipe length and the total number of
tors determined in the same zone and manhole.
Iwate
Miyagi
Niigata 
Fukushima 
Tokyo
Saitama
Tochigi
Ibaraki
Sea of Japan
Pacific Ocean
Epicenter
100km
Chiba
Liquefaction in backfilling soil
Massive liquefaction in 
surrounding areas
Both liquefaction in backfilling
soil and surrounding area
No answer
Unspecified damage
Damage not caused 
No damage
by liquefaction
Tohoku
Kanto
(i)
(iii)
(ii)
Fig. 3. The distribution of damage in sewage pipe systems by liquefaction. Liquefaction damaged area is categorized into 3 groups such as liquefaction in
backﬁlling soil (yellow), massive liquefaction in surrounding areas (red), and both liquefaction in backﬁlling soil and surrounding area (green). (i) and (ii) Damaged
manholes by partial liquefaction in backﬁlling soil. (iii) Damage sewage pipe systems by massive liquefaction in the surrounding area. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 2
Working situation of wastewater treatment plants and pumping stations.
16 March 2011 5 March 2012
Wastewater
treatment plants
Pumping
stations
Wastewater
treatment plants
Pumping
stations
Shut down 48 79 2 12
Partially
damaged
63 32 12 25
Uncleara 9 1 9 1
Fully
restored
– – 97 74
Total 120 112 120 112
aLocated within 20 km of the Fukushima Dai-ichi nuclear power plant,
which is an evacuation zone or emergency evacuation preparation zone.
M. Matsuhashi et al. / Soils and Foundations 54 (2014) 902–909 905massive liquefaction in the surrounding area for 30%. These
data revealed the distribution of damage in sewage pipe
systems by liquefaction (Fig. 3).
Fig. 3 shows that damage occurred in almost every region in
eastern Japan on the Paciﬁc Ocean. In Tokyo and Chiba,
partial liquefaction in backﬁlling soil did not occur, but sewage
pipes were damaged by massive liquefaction in the surround-
ing area (Ashford et al., 2011; Yasuda et al., 2012). The areas
where massive liquefaction occurred were where large land
reclamation projects had been conducted in the past and
countermeasures against liquefaction had not been taken.
2.3. Wastewater treatment plants and pumping stations
Table 2 and Fig. 4 show the damaged wastewater treatment
plants and pumping stations in eastern Japan. In total, 120
wastewater treatment plants and 112 pumping stations were
damaged, including 9 plants and 1 station located within the
evacuation zone or emergency evacuation preparation zone
near the Fukushima Dai-ichi nuclear power plant. Immediately
after the earthquake, 48 plants and 79 stations were shut down,
and 63 plants and 32 stations were damaged partially. One year
later, 2 plants and 12 stations remained shutdown; 12 plants
and 25 stations remained partially damaged, and 97 plants and
74 stations had been fully restored. Almost all wastewater
treatment plants and pumping stations have been restarted.
Fig. 5 shows the causes of damage to wastewater treatment
plants and pumping stations. Tsunami and earthquake were the
cause of damage in approximately 90% of plants and stationscombined. In wastewater treatment plants, tsunami accounted
for 54% and earthquake for 41%, while in pumping stations,
tsunami accounted for 75% and earthquake for 16%. The
ﬁgure reveals that electrical equipment was damaged much
more severely by the tsunami than by seismic motion.
In addition, no severe damage caused by the earthquake was
reported in wastewater treatment plants and pumping stations.
However, a few plants were shut down due to the breakdown
of particular apparatus such as a chain ﬂight sludge collector or
private power generator. In contrast, severe devastation by
tsunami was reported in many cases. This is one of the
characteristics of the damage to sewage systems in this
M. Matsuhashi et al. / Soils and Foundations 54 (2014) 902–909906disaster. The damage factors of the tsunami can be categorized
into three groups: inundation; wave force and ﬂoating debris,
as shown in Table 3. The three factors accounted for similar
proportions. Thus, to reduce damage to sewage treatment
system, it is important to implement countermeasures for all
three factors of inundation, wave force and ﬂoating debris, not
only one of them.(i)
(iii)
(ii)
Fig. 4. The distribution of damaged wastewater treatment plants in the Great
East Japan Earthquake. (i) Damage to wastewater treatment plants caused by
wave force of tsunami. (ii) Floating debris such as wrecked cars in the aeration
tank. (iii) Basement machine room inundated in a wastewater treatment plant.
Others
1%
Tsunami
54 %
Seismic 
motion
41%
Liquefaction
4%
Wastewater treatment plant
Fig. 5. The proportion of damage factors in waste3. Effectiveness of liquefaction countermeasures in sewage
pipes and manholes
The Guideline on Earthquake Resistant Design 2006 (Japan
Sewage Works Association, 2006b) describes three backﬁll
methods, compaction of backﬁlling soil, backﬁlling by crushed
stone, and solidiﬁcation of backﬁlling soil, as countermeasures
against liquefaction of sewage pipes and manholes (Fig. 6).
We assessed the effectiveness of two countermeasures: back-
ﬁlling by crushed stone and solidiﬁcation of backﬁlling soil.
There was no location in the damaged area where backﬁlling
soil had been compacted, and so laboratory experiments are
needed in the future.3.1. Backﬁlling by crushed stone
This construction method uses crushed stone, which has
high water permeability, as a backﬁll material to prevent
liquefaction. The method had been used in parts of Miyagi
Prefecture before the earthquake, so we conducted on-site
conﬁrmation to verify its effectiveness. In the targeted section,
after the Iwate-Miyagi Earthquake in 2008, backﬁlling by
crushed stone was conducted to prevent liquefaction of sewage
pipes in future (Fig. 7). During the Iwate-Miyagi Earthquake,
road surface subsidence and sewage pipe sag caused by partial
liquefaction in backﬁlling soil were observed and disrupted the
trafﬁc, whereas there was almost no damage by liquefaction in
the Great East Japan Earthquake. Therefore, the counter-
measure was effective, although road surface subsidence
occurred in one place due to sewage pipe sag (Fig. 7(1b)).
We investigated the cause of the road surface subsidence
where countermeasures had been taken by checking the
construction documents and by interviewing the person in
charge of the construction at that time. Two problems were
identiﬁed: the type of crushed stone and the pulling-out of theTsunami
75 %
Liquefaction
2%
Seismic 
motion
16%
Others
7%
Pumping station
water treatment plants and pumping stations.
Table 3
Tsunami damage factors in wastewater treatment plants and pumping stations.
Damage factors Wastewater
treatment plants
Pumping
stations
Examples
Damage rate
(%)
Damage rate
(%)
Inundation 42 (106/235) 39 (86/221) Pumping motor, control panel, Private electric generator, incoming panel, automatic dust ﬁltration, blower, etc.
Wave force 35 (88/235) 33 (72/221) Gas tank, pump building, pillar of gate, shelter cover, pipe, etc.
Floating debris 23 (59/235) 28 (63/221) Shutter, aeration tank, structural wall, etc.
Note: The total number of damaged facilities includes overlaps in the cases where two or more different damage factors determined in the same facility.
Compacted
soil Solidified soil
Crushed 
stone 
Water level
Surrounding ground Surrounding ground
Water level
Fig. 6. Schematic diagram of the backﬁll methods. (A) Compaction of backﬁlling soil: compacting the backﬁlling soil reduces the excess pore water pressure in the
backﬁlling soil, thus reducing liquefaction. (B) Backﬁll with crushed stone: crushed stone with high water permeability disperses the excess pore water pressure
adjacent to the manhole and/or pipe, thus reducing liquefaction. (C) Solidiﬁcation of backﬁlling soil: solidiﬁcation of the backﬁlling soil with cement transforms the
backﬁlling soil into a non-liquefaction layer, thus reducing liquefaction.
Fig. 7. On-site assessment of the effectiveness of liquefaction countermeasures.
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Guideline on Earthquake Resistant Design 2006, the soil
particle diameter at 10% passing is recommended to be more
than 1.0 mm, whereas at the construction site, the soil particle
diameter was more than 0.6 mm, i.e. the crushed stone used at
the construction site contained a much ﬁner-grain fraction.
Therefore, excess pore water pressure was not effectively
dispersed when liquefaction occurred. Regarding the pulling-
out of the poling board, air voids were formed between the
backﬁlled soil and the original ground when the poling board
was pulled out, causing the tamped backﬁll soil to soften. As a
result, the sewage pipe system was damaged even though
liquefaction countermeasures had been taken. To prevent air
voids from forming upon pulling out the poling board, there
are at least two approaches: one is to repeatedly pull out the
poling board and to backﬁll crushed stone at 1-m intervals.
Another is to ﬁrmly ﬁll up the space with crushed stone after
pulling out the board. Further studies are needed to understand
and develop this construction method for builders and con-
struction managers.3.2. Solidiﬁcation of backﬁlling soil
This construction method involves mixing cement with the
excavated soil and using this cement solidiﬁed soil as backﬁll
soil. The backﬁll soil forms a non-liquefaction layer and
protects against liquefaction. This construction method was
ﬁrst used in Niigata Prefecture in 2004 to restore a sewage pipe
system damaged by the Niigata Chuetsu Earthquake. When the
subsequent Niigata Chuetsu-Oki Earthquake occurred in 2007,
only 0.4% of sewage pipes were damaged. This remarkably
low proportion shows the effectiveness of this construction
method (Fukatani and Sakakibara, 2009).
Before the Great East Japan Earthquake, this construction
method had been used in two cities in Miyagi Prefecture.
Table 4 shows the damage situation and the damage rate of
sewage pipes in these two cities. As shown, the damage rate of
liquefaction-resistant sewage pipes was lower than that of
pipes without liquefaction countermeasures in both cities. The
damage to pipes protected by this method was very minor.
This is the ﬁrst veriﬁcation of the effectiveness of this
construction method against liquefaction on the same road.Table 4
Damage to sewage pipes in Miyagi.
City Total
length
(m)
Damaged
length (m)
Protected
length
(m)
Damaged
length of
protected pipe
(m)
Damage
rate (%)
Damage rate
of protected
pipe (%)
(i) (ii) (iii) (iv) (ii)/(i) (iv)/(iii)
A 315,000 12,200 2500 54 3.87 2.16
B 142,000 13,410 19,662 336 9.44 1.714. Policy response for large earthquakes in future
4.1. Sewage pipe system
The liquefaction countermeasures were effective, since
liquefaction damage to sewage pipe systems where such
measures had been taken was not severe, though liquefaction
countermeasures had been taken for only a few sewage pipes
in the damaged area. However, there is room for improvement
in the quality assurance of construction. Thus, we need to
publicize the precautions concerning backﬁll methods to local
governments which implement the work. Moreover, we need
to summarize the problems and solutions concerning construc-
tion, consider alternative methods in case the recommended
method is not suitable for the on-site construction conditions,
and enhance the guideline to improve the understanding of
both the contracting and contractor parties.
4.2. Wastewater treatment plants and pumping stations
In the Great East Japan Earthquake, many wastewater
treatment plants and pumping stations were devastated by
the tsunami, not the earthquake. However, there is no policy
for tsunami in sewage systems. Therefore, we have proposed a
new policy for sewage systems against tsunami, based on the
worst-case scenario. Under this new policy, backﬂow preven-
tion in sewage pipe systems, water lifting in pumping stations,
and sterilization in treatment plants are designated as “essential
functions” that must be secured without fail in the event of a
disaster. We propose three types of countermeasures against
tsunami in wastewater treatment plants and pumping stations:
risk avoidance; risk reduction; and risk retention (Fig. 8). Risk
avoidance reinforces the water resistance of the building itself
or involves placing doors and equipment upstairs to make the
facility safe. Risk reduction reinforces the water resistance of
doors, windows, and equipment itself, or involves preparing
spare equipment; such facilities could be restored quickly. Risk
retention allows equipment to be destroyed by inundation.
Based on this policy, countermeasures against tsunami are
expected to be taken more widely. In fact, the Minami Gamo
wastewater treatment plant in Miyagi, which was devastated
by the tsunami, has already been restored based on this
construction principle.
5. Conclusion
This report examined the damage to sewage systems
including sewage pipes, manholes, wastewater treatment
plants, and pumping stations caused by the Great East Japan
Earthquake, and the causes of the damage, by a questionnaire
survey. By summarizing and categorizing the collected data, it
was found that sewage pipe systems were mainly damaged by
liquefaction, whereas wastewater treatment plants and pump-
ing station were damaged by tsunami. In addition, through on-
site conﬁrmation and data comparison, it is suggested that
liquefaction countermeasures for sewage pipe systems are
effective. To prepare against disastrous large-scale earthquakes
Fig. 8. Examples of tsunami countermeasures in wastewater treatment plants and pumping stations.
M. Matsuhashi et al. / Soils and Foundations 54 (2014) 902–909 909in future, we need to develop earthquake-resistant construction
techniques for sewage systems after taking various circum-
stances into consideration.
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